Abstract: This paper proposes a novel method to locate faults in an AC meshed microgrid. To this end, a set of features is first extracted and selected from the measured signals and fed to a Support Vector Machine (SVM) to detect the occurrence of fault. Then, the Distributed Generator (DG) with the lowest amount of fundamental voltage, which is the closest one to the fault, injects an appropriate voltage/current harmonic. As the faulted section has the lowest impedance value from the PCC of the DG, the harmonic current of the corresponding line has the highest value. Based on this fact, the first candidate DG sends a notification signal to the second candidate DG, which the fault occurs between them. Finally, the impedances in the injected frequency are measured from these two DGs and fed into a multi-class SVM to locate the faulted line. The proposed method has the ability to locate faults for islanded and grid-connected microgrids with variable configurations. Real-time simulation results are taken by OPAL-RT to show the effectiveness of the proposed method in the meshed microgrid.
Introduction
Microgrid, which consists of Distributed Generators (DGs), storage systems, and loads , is the backbone of a smart grid [1], [2] . In order to realize such a structure, many technical issues such as power quality, energy management, networked control, communication systems, and protection have to be addressed.
Microgrid should have a capability to operate in both islanded and grid-connected modes, and have a transition from grid-connected to islanded mode to protect itself from any disturbances [3] . In addition, the microgrid is required to reconfigure itself for economic reasons as well as for providing continuous electricity to essential loads [4] . Considering high integration of DGs, fault currents measured by protective relays significantly depend on microgrid configuration structure, operation modes, and existence of DGs in microgrid. Because of this, the protection of microgrid is probably the most important challenge for its realization [5] , [6] .
In the conventional radial distribution system, reclosers are used to allow existence of temporary faults with fuse protection if the fault persists [7] . In addition to recloser-fuse protection, overcurrent relaying is one of the most common approaches used in radial and meshed power networks, due to simplicity and low cost. However, high penetration of DGs could have adverse effects on the coordination of recloser-fuse and overcurrent relay approaches [8] . Distance protection, which measures impedance from the relay to the fault, will have a low selectivity in a microgrid with a high penetration of DGs. Besides, this protection demands a voltage transformer which results in a high implementation cost [9] . Similar to the distance relays, a directional relay involves a high implementation cost as it utilizes voltage and current transformers to determine the fault direction [10] . In addition, coordination of directional relays is difficult in multi-loop distribution systems. On the other hand, differential protection, which measures the currents flowing in and flowing out the bus, transformer, or transmission line to make decision for existence of fault, addresses the problems of bidirectional power flow and topology complexity, but implementation of a system having adequate discrimination capability is very costly [11] .
In addition to the conventional relays, limiting the DG capacity [12] , utilizing energy storage [13] , Fault Current Limiter (FCL) [14] , and adaptive protection [15] , [16] have been presented to deal with the protection issues. The main drawbacks of these methods are, respectively, preventing high penetration of DGs due to high investment cost for DGs, high implementation cost of using FCLs and energy storage, and a need for a central unit for monitoring.
Typical microgrids operate in a radial fashion. However, meshed microgrid is a promising structure to realize a system with a higher resiliency and reliability by providing redundant paths [17] . It is shown that due to non-existence of the concept of upstream and downstream, the conventional protection would not work properly for the looped microgrid [18] . In such a microgrid, communication-based protection systems are better options for the detection and location of faults. In [19] , differential relays are considered as the backbone of protection scheme; and in the case of communication channel failure, a comparative voltage protection is considered for the backup protection. In [20] , a hierarchical protection scheme consisting of load-way level, loop-way level, feeder level, and microgrid level is proposed for the looped microgrid. Similar to [19] , the differential protection is applied for distribution lines. This structure appears to be an effective option, particularly for looped microgrids, however, the implementation cost is high. In [21] , the communication system is eliminated and in the case of fault, each DG changes its mode from the droop control mode to the current injection mode to provide a sufficient amount of current for overcurrent relays. The injected current of each DG is proportional to indirect measured impedance from the DG side. This method 2 may not correctly trigger circuit breakers in a system with different length of lines where DGs are located in short lines and the fault occurs in a long line. In addition, the performance of this method highly depends on the number of DGs and the fault impedance. On the other hand, it is preferred to eliminate the protection relays from the distribution lines [17] . Regarding this issue, the fault is located based on an approximated linear relationship between maximum oscillation of the transient voltage magnitude measured by a sensor and the distance between the fault location and the sensor [22] . However, this approach is not practical for the meshed microgrid.
This paper presents a new harmonic-injection based fault location method for meshed microgrid. This method utilizes control and power conversion capabilities inherent to the DGs (with some modifications) and only requires that each DG communicates with its adjacent DGs. In this method, the fault is locally diagnosed by extracting appropriate features from the currents and voltages of each DG and feeding them into a Support Vector Machine (SVM) classifier. While the fault is detected, first DG candidate is selected based on measuring fundamental voltage of DG terminal. Then, this DG injects the harmonic signal with a distinct high frequency and measures the high-frequency impedances of lines and according to these measurements another DG candidate, which are placed at the other side of faulty zone, is chosen. The second DG also injects a distinct high-frequency harmonic signal and measures the high-frequency impedance of line from its terminal. These measured harmonic impedances are considered in different topological configurations, such as grid-connected and islanded modes, as well as for various loads, DGs, and line disconnections; and fed into a Multi-class SVM (MSVM) to locate the faulty line in the meshed microgrid. Real-time simulation results are also provided to show the effectiveness of the proposed method.
Proposed Method
As mentioned in IEEE Std C37, a well-designed fault location method in ac transmission and distribution lines leads to rapid restoration of power systems. This standard classifies the fault location methods into impedance-based and traveling wave. These methods are implemented by microprocessor devices which have the requirements such as having the communication interface to transmit data to remote site and using digital filter for more accurate calculation. In addition, the central site collect the data and perform analysis to estimate the place where fault happens [23] . Regarding the hierarchical structure of microgrid, communication systems exist between the DG units for providing a proper control capability. In addition, the collected data in the primary level is transmit to the tertiary level, where database and computation center exist, for the purpose of optimization and better operation of microgrid [24] .
Considering the requirements mentions by the IEEE Std C37 and the existing communication system as well as computation center in the microgrid, this paper proposes a fault location based on the existing infrastructure of microgrid. It must be noted that according to measured amplitude of signal by advanced phase locked loop communication link must transmit the data in synchronized way or in the worst case less than 20 ms delay to have proper outcome. In addition, the faulty section is determined in the tertiary level using the collected data from primary level. Fig. 1(a) shows the proposed approach where highfrequency impedances are measured from two end-terminals of a faulty zone in a meshed microgrid. The microgrid could operate both in islanded and grid-connected modes. In the grid-connected mode, the voltage and frequency are maintained within an acceptable range by a stiff grid. However, in the absence of such a grid, at least one DG has to operate in Voltage Control Mode (VCM) to control voltage and frequency, and other DGs could work in Current Control Mode (CCM) [23] . The corresponding graph of Fig. 1(a) is shown in Fig. 1 (b) . According to Fig. 1 (b) , this connected graph has three vertices with a degree higher than two, T1, T3, and T7, as well as the others of degree two. The graph is partitioned to the edge disjoin paths whose endpoints are vertices with a degree higher than two. According to the above consideration, five subgraphs, which are shown in blue, purple, green, orange, and pink are respectively presented as follows: Once the fault occurs in the microgrid, each DG investigates the occurrence of the fault by passing the selected features, which are extracted from output current of filter and voltage of DG's capacitor, to the SVM. When the fault is detected, two DG candidates, on each side of a fault location, must be chosen for locating the faulty line. The first DG candidate is the unit close to the faulty point and experiences the lowest amount of fundamental voltage. It must be noted that the comparison is carried out by using communication links between adjacent DGs (shown in Fig. 1(a) ). This DG injects a high-frequency signal with a well-selected harmonic, and then from the connected terminal to this DG, the impedance is measured in that frequency. Based on the line that has the lowest high-frequency impedance/highest harmonic current in that high frequency, the faulty zone or subgraph where fault occurs is determined. As a result, the first DG candidate notifies the second candidate located on the other side of faulty zone by a communication link existing between these two DGs. While the second candidate receives the notification, it will inject another distinct high-frequency harmonic and impedance is measured associated with this harmonic. Finally, these two high-frequency harmonic impedances are fed into the MSVM to locate the faulty line. It must be noted that VCM DG has to exert a sufficient virtual impedance to block high-frequency signal generation by another DG. In addition, in order to prevent absorbing the high-frequency current by the main grid, a parallel resonance filter needs to be used. The whole procedure of the proposed protection is illustrated in Fig. 2 . One of the key benefits of this method is its applicability for any type of complex microgrid structure.
Signal Processing Tools for Fault Detection and
Location An advanced signal processing method based on feature selection and the SVM/MSVM is used to detect the fault and locate it, described as follows:
Feature Extraction and Feature Selection
In addition to the amplitude of original signal, several features such as the standard deviation, RMS, and energy are extracted from the voltage/current of each phase of DG [25] . While the fault is detected, impedance of faulty zone is measured for the purpose of fault location: (2) In order to increase the efficiency of classifier in terms of computational complexity, computation time, and accuracy, the most relative and informative subset of features have to be chosen. One of the widely used feature selection algorithms is the Sequential Forward Selection (SFS) algorithm that starts with an empty feature set and adds a feature to the set until no significant increase in accuracy occurs. This method is modified and the algorithm starts with the five best features and the conventional sequential forward selection algorithm is applied to each of five features. This process continues until accuracy of fault classification reaches a relatively fixed value. 
SVM
The SVM, which is a powerful binary classifier, adjusts a hyperplane to maximize the margin between two classes. This concept can be formulated as the following primal objective problem:
where ζ, C, φ(xi) and yi are the deviation from the margin, penalty factor, a function that maps the testing data vector xi onto high-dimensional feature space, and the corresponding label for each xi, respectively. Typically, the primal form of SVM (3) is solved by transforming it to a dual form utilizing Lagrange multiplier method.
where , N , and K , Φ Φ are nonnegative Lagrangian multiplier, number of training data, and Kernel function, respectively. Among the different types of Kernel function, Gaussian Radial Basis Function (RBF) is selected, defined as follows:
,
where is the Kernel parameter. Although the idea of SVM was first presented for binary classification, it can be applied for multiclass problems. Oneagainst-all (OAA), one-against-one (OAO), and one-step (OS) are among the most practical methods to deal with multiclass problems. It is mentioned that OAO has more accuracy and low computation burden [27] . In OAO, n(n-1)/2 classifiers are constructed and trained for two classes, then the vote for i th class is increased by one otherwise j th class vote is added by one. Finally, the class with the highest vote wins.
Optimization of MSVM regarding feature
selection Particle Swarm Optimization (PSO) is one of the renowned evolutionary algorithms inspired by a flock of birds searching for food. Although each bird has its own velocity, the others movements can affect an individual bird's velocity and direction. Other behavioral stimulants such as inertia, cognitive stimulant, and social stimulant will be also influential [28] . According to the discussion above, the mathematical model for PSO is as follows:
where C1, C2are called learning factors and ω is inertia weight. In an original PSO algorithm, the above parameters remain constant. Inertia weight controls the next iteration speed. C is considered as a cognitive parameter due to its ability to follow its own best value; however, C2 is for tracking Gbest.
According to (6) and (7), C and γ need to be selected properly to give a high accuracy in the estimation of SVM classifier. In addition, an optimum number of features have to be selected. To attain these goals, the PSO algorithm is used to solve (3) and find the best set of features. The overall procedure is as follows:
Step 1: Take all the measured signals
Step 2: Extract features from the input signal.
Step 3: Select a feature of the input signal (It must not be in the Set With the Best-Selected Features (SWBSF)) and put it aside with the SWBSF.
Step 4: Optimize SVM by PSO algorithm to find the best C and γ regarding 10 fold-cross validation.
Step 5: Check the Step5 to Step 6 for all features that do not exist in the SWBSF. In addition, select and place the best of them in term of the lowest misclassification error in the SWBSF.
Step 6: If the classification accuracy does not change significantly, stop the process and choose the optimum C and γ, as well as SWBSF. Otherwise, go to Step 3.
Harmonic Injection
When the fault occurs in the meshed microgrid, its occurrence will be detected by the approach presented in the previous section. However, due to the meshed structure of microgrid, the faulted line is still unknown. To deal with this issue, while the fault is detected, two DGs placed at the beginning and the end of faulty zone inject voltage/current harmonic. As the fault causes voltage decrease in the meshed microgrid, one of the DG in faulty zone experiences the highest voltage drop. As a result, First DG is the one, which its fundamental voltage has the lowest value in comparison with adjacent DGs. Then, this DG injects a distinct highfrequency harmonic signal and measures the connected-lines impedances in that high frequency. Since the fault will result in low high-frequency impedance, the connected line with the lowest high-frequency impedance is part of the faulty zone. Based on this fact, the first DG identifies the second DG based on the line with the lowest high-frequency impedance, and sends a notification signal to the second one. [29] . This paper chooses 325 Hz, 275 Hz, and 375 Hz as appropriate frequencies for the injected signal by DG1, DG2, and DG4, respectively. In addition, according to the structure of the proposed method, both the fundamental and harmonic components of frequency 275 Hz, 325 Hz, and 375 Hz have to be detected. To address this issue, the present paper uses the Multiple Second-Order Generalized Integrators (MSOGI) based filter because of its good disturbance rejection capability, fast dynamic response and acceptable computational burden (see Fig. 3 ) [30] . 
Harmonic Selection and Detection
Selecting frequency of harmonic components depends on different criteria such as having no interaction with the LCL filter resonant frequency, grid resonant frequency, and fundamental-frequency dependent harmonics (e.g. 5 th , 7 th ,which are equal to 250 Hz and 350 Hz, respectively, in a 50 Hz system)
Control System
As mentioned before, microgrid may operate in both islanded and grid-connected modes. Such a microgrid requires both VCM and CCM DGs. The unit operating in VCM/grid forming is shown in Fig. 4 (a) and others in CCM/grid following are shown in Fig. 4 (b) . As shown in Fig. 4 (a) and (b), the current and voltage harmonic references of 325 Hz are added to the generated fundamental current and voltage references, respectively. Since DG has to inject a harmonic of 325 Hz independently in each phase, the topology of DG must be three-phase four-wire. Among different topologies of fourwire systems, the three-leg inverter with split dc-link capacitors is popular where the midpoint of the split dc-link capacitors is connected to a neutral point [31] . 
(b)
Fig.4. Scheme of the control of phase-a of the three-phase four-wire DG with split dc capacitors. (a) VCM, (b) CCM
As shown in Fig. 4 (b) , for CCM-inverter the current reference is generated according to active and reactive powers references. Then, similar to VCM-inverter, the current error passes through PR controller defined as follows:
Harmonic blocking for VCM-DG and main grid
The CCM-DG is modeled with a current source in parallel with a large impedance; however, the VCM-DG is modeled with a voltage source connected in series with a roughly low value impedance. Regarding this issue, the CCM-DG does not absorb any harmonic current, but the VCM-DG does. Absorption of harmonic current will deteriorate the performance of the proposed method, because it prevents flowing of current harmonics from the DG to the fault point. To deal with this issue, a high value of virtual impedance (VI) must be added for the specific harmonic components. As DG1 is adjacent to DG2 and DG4, where DG2 and DG4 generate harmonic signals at 275 Hz and 375 Hz respectively, DG1 has to block harmonics in these two frequencies by a welldesigned VI. As shown in Fig. 5 (a) , the single-phase MSOGI extracts harmonic components of output current in 50 Hz, 275Hz, and 375 Hz. Then, each of its current harmonic components is multiplied by a high virtual resistance. Finally, all these values are added together to generate an additional voltage reference and this term is added to the fundamental voltage reference (see Fig. 4 (a) ).
In the grid-connected configuration, the main grid acts as a voltage source in series with the grid equivalent impedance. As a result, the main grid will absorb the harmonic signals injected by the DGs. In order to address this issue and let the high-frequency harmonic currents flow from DGs to the faulty point a parallel resonance filter is designed. Since the main grid is located between DG1 and DG4 that has a capability to inject harmonic signals in 325 Hz and 375 Hz, two parallel resonance filters are designed in series to block current harmonics in these two specific frequencies. The structure of parallel resonance filter with the capability of blocking harmonics of frequency 325 Hz as well as 375 Hz is shown in Fig. 5 (b) .
Real-time Simulation Results
The meshed microgrid ( Fig.1 (a) ) with the parameters of Table 1 and Table 2 In order to demonstrate the efficiency of the proposed method, directional overcurrent relays (DOCRs) are coordinated by the concept of protection relay dependency dimension and primary protection relay set [33] . According to this method, {3,9,15,18} are selected as minimal breaking points (MBPS).Then these set of DOCRS including {3,1},{9,7,5,2},{15,13,20,22,17},{18,21,19,14,16},{18,21,1 9, ,11,2,4}, and {18,21,19,11,6,8,10} are coordinated. Regarding this method, two scenarios are considered to Table 2 Electrical parameters of the meshed microgrid. evaluate its performance. It must be noted it is assumed that these DOCRs adaptively change their setting for different possible scenario.
In the first scenario, as it is shown in Fig. 6 , the main grid, DG3, Load2 are disconnected at 1.1s, 1.2s, and 1.3s, respectively. Then, a fault happens in line4 at 1.5s. As can be seen from the Fig. 6 , the current measured by R7 and R8 increase from 0.5 A to 14.34 A and 12.06 A, respectively. And thanks to the proper coordination of the DOCRs, the associate circuit breakers of R7 and R8 disconnect the faulty line, which is line4, in 1.689s and 1.697s, respectively. In the second scenario, the main grid, load2 and DG3 are connected, and the fault occurs in line4 at 0.5s (see Fig. 7 ). In this scenario, the circuit breaker of R7 and R8 disconnect the line 4 at 0.5636 s and 0.7896 s, respectively. This method has two disadvantages, first, long operation time, which is due high numbers of DOCRs that need to be coordinated. Another one is that the parameters of DOCRs have to be tuned for each scenario. Different scenarios including grid-connected and islanded modes, load connection/disconnection, line connection/disconnection, DG connection/disconnection, and different amount of fault resistances as well as fault locations are considered to validate the effectiveness of the proposed method.
In the first stage, fault has to be detected by selecting and feeding an appropriate set of features to the trained SVM. According to the modified SFS algorithm, the procedure of feature selection starts with the five best features and adds a new feature to each of those five until the classification accuracy reaches a fix value in the consecutive iterations. The obtained results presented in Table 3 show the first three iterations of the proposed feature selective algorithm in blue, pink, and green colors, respectively. According to this Table, the RMS values of three phases are selected as an appropriate set for feeding the SVM. The SVM with the parameters of C=10 and δ=45 is trained and tested with 450 data and 90 data, which include both faulty and normal situations, respectively. Although three features have been fed into the SVM, the 3D presentation of SVM hyperplane is not possible. Due to that, each pair of three selected features are fed to the trained SVM and shown in Fig. 8 (a) .
From the selected buses two measured impedances in two distinct high-frequencies are fed to the MSVM to locate the faulty line. For example, in order to locate fault in Line4, Line5, and Line6, a MSVM with C=20 and δ=10 is trained and tested with two impedances measured in 325 Hz and 375 Hz from DG1 and DG4 for different scenarios. 750 scenarios as well as 300 scenarios including fault with different locations and fault resistances in these three lines are considered to train and test the MSVM, respectively. Fig. 8 (b) shows how the MSVM with inputs of the high-frequencies impendences can locate fault in each pair of lines. According to this figure, the faulty line is detected, regardless of the location. Regarding the trained SVMs for fault detection and fault location, different scenarios are applied to validate the effectiveness of the method presented in Fig. 2 . In scenario 1 (see Fig.9 ), the microgrid transfers from grid connected to islanded mode in 1.1 s, then DG3, line8, as well as load2 get disconnected at 1.2 s, 1.3 s, and 1.4s, respectively. It must be emphasize that this scenario is taken into account to investigate the proposed method for the microgrid where its load, DG, and line get disconnected in grid-connected mode. In addition, in this scenario, the fault is exerted in the islanded microgrid, where such a stiff grid does not exist. As shown in Fig.9 , the fault detection signal, which is generated by the trained SVM working online, does not change it status to the faulty situation during these scenarios. Finally, a three-phase fault to ground with Rf=0.0476 Ω occurs in Line4 at 1.5 s, after 22 ms (at 1.522 s) the fault is detected. While the fault is detected, amplitudes of DGs voltage (in 50 Hz) are compared and the DG with the lowest amplitude injects harmonic. Since DG4 has the lowest voltage amplitude with the value of 26.65 V, this DG injects a current harmonic of 375 Hz with the amplitude of 2.5 A. Fig. 9 show that this DG inject harmonic current around 1.53 s. Then, for the purpose of finding another DG candidate, which fault occurs between them, the current amplitudes of connected lines (in 375 Hz) are investigated. As the fault results in highest flow of harmonic current in the faulty zone, the connected line to DG4, here Line5, observes the highest harmonic current and based on this another DG candidate is selected. It must be noted again that the highest value of high-frequency harmonic current is identical to the lowest measured impedance in the applied high frequency. Regarding this issue, Fig. 9 shows that line5 has the highest harmonic current. As a result, DG1 is chosen as another candidate and this DG injects voltage show the voltage and current of DG1, where can be seen that applying voltage harmonic in 325 Hz leads to currents harmonic. It must be noted that all DGs limit current amplitude to 13 A to protect themselves from being damaged during the faulty conditions. After harmonic injection by the selected two DGs, the harmonic impedances are measured in 325 Hz and 375 Hz from DG1 and DG4, respectively. Based on the measured values from DG1 and DG4, the trained MSVM detect the faulty line, Line4 which is represented by number 4 in Fig. 9 , after 80 ms from occurrence of the fault at 1.579 s. While the location of faulty line is detected, the tripping signal will be sent to the related circuit breakers, which are located at the beginning and the end of Line4, for fault isolation after 20 ms.
In scenario 2, microgrid operates in grid-connected mode and all DGs, loads, and lines are connected. In this case, a three-phase to ground fault with Rf=0.48 Ω takes place in Line4 at 1.2 s. As shown in Fig. 10 , during the faulty situation the load current is decreased because this load is constant impedance with the value of Rload2=70.53 Ω. While the fault occurs, the SVM trained for fault detection detects fault in 22.3 ms (see Fig. 10 ). All voltages of DG1, DG2, and DG4 are compared to find the one with the lowest fundamental value. According to the Fig. 10 , DG4 has the lowest voltage amplitude and this DG will send harmonic currents in 375 Hz with the amplitude of 2.5 A. In order to find the second DG candidate that fault occurs between that and the first candidate, the amplitudes of harmonic currents of all connected lines to DG4 are investigated. Since Line5 has the highest harmonic current in 375 Hz, DG1 will be chosen as the second candidate. This DG will inject harmonic voltage, because it is controlled in VCM, with 1/10 of the fundamental value of voltage. Fig. 10 shows the voltage and current signals of DG1. As it can be observed, voltage harmonic is injected at around 1.3 s. The impedances with the values of 5.071 Ω and 6.073 Ω are measured in 325 Hz and 375 Hz from DG1 and DG4 (the two candidate DGs), respectively. These two values are then fed to the trained MSVM to detect the faulty line, which is connected between these two DGs. As shown in Fig. 8 , the trained MSVM finds the fault occurs in Line4, which is represented by number 4, after 82 ms from occurrence of the fault.
Conclusion
In this paper, a communication-based high-frequency impedance method is proposed for AC meshed microgrids. The functionality of this protective scheme is distributed among the DGs connected in microgrid, so that selected DGs take the responsibility of harmonic injection for the purpose of fault location. The main advantage of the proposed method is elimination of line relays and determination of the faulty line based on only measuring the voltage and current of DGs and the lines connected to them. In addition, this protection system is robust against change of microgrid operation mode, load connection/disconnection, line connection/disconnection, and DG connection/disconnection. In others word, the change in topology of microgrid does not affect the performance of the proposed protection system. In order to evaluate the efficiency of the proposed method, two different scenarios are considered. It is shown that in both scenarios, the fault is detected in around 20 ms, and based on strategy of harmonic injection by DGs, the faulty line is located in 80 ms.
Although this method has superior performance in term of speed, and be high efficient in different configuration and topology of the microgrids. The application of the proposed method in some scenarios may involve some difficulties. For example, it requires a communication system and demands designing advanced signal processing/filtering techniques, which may not be a trivial task, particularly for those who are not expert in the field. 
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